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Abstract

Despite being detected at low levels in surface 
waters and sediments across the United States, 
contaminants of emerging concern (CECs) in 
the Great Lakes Basin are not well characterized 
in terms of spatial and temporal occurrence. 
Additionally, although the detrimental effects of 
exposure to CECs on fish and wildlife have been 
documented for many CECs in laboratory studies, 
we do not adequately understand the implications 
of the presence of CECs in the environment. Based 
on limited studies using current environmentally 
relevant concentrations of chemicals, however, risks 
to fish and wildlife are evident. As a result, there is 
an increasing urgency to address data gaps that are 
vital to resource management decisions. The U.S. 
Fish and Wildlife Service, in collaboration with the 
U.S. Geological Survey, is leading a Great Lakes 
Basin-wide evaluation of CECs (CEC Project) with 
the objectives to (a) characterize the spatial and 
temporal distribution of CECs; (b) evaluate risks 
to fish and wildlife resources; and (c) develop tools 
to aid resource managers in detecting, averting, 
or minimizing the ecological consequences to 
fish and wildlife that are exposed to CECs. This 
report addresses objective (a) of the CEC Project, 
summarizing sediment and water chemistry data 
collected from 2010 to 2012 and fish liver tissue 
chemistry data collected in 2012; characterizes the 
sampling locations with respect to potential sources 
of CECs in the landscape; and provides an initial 
interpretation of the variation in CEC concentrations 
relative to the identified sources. 

Data collected during the first three years of our 
study, which included 12 sampling locations and 
analysis of 134 chemicals, indicate that contaminants 
were more frequently detected in sediment compared 
to water. Chemicals classified as alkyphenols, flavors/
fragrances, hormones, PAHs, and sterols had higher 
average detection frequencies in sediment compared 
to water, while the opposite was observed for 
pesticides, pharmaceuticals, and plasticizers/flame 
retardants. The St. Louis River and Maumee River 
sampling locations had the most CEC detections 
in water and sediment, relative to other sites, as 
well as the largest number of maximum detected 
concentrations across all sites in the Basin. No 
consistent temporal CEC occurrence patterns were 
observed at locations sampled multiple times each 
day. Most appearances and increases in chemical 
concentrations in sediments occurred at sites 
immediately downstream from wastewater treatment 
plants and at sites with predominantly developed 
land use. The location with the most observed 
appearances and increases was the St. Louis River. 
Perfluorinated compounds were commonly detected 
in fish liver tissues with detections in 100% of both 
benthic and pelagic species. The occurrence of 
these chemicals in liver tissue of benthic and pelagic 
species was generally similar.

Abstract   1
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Introduction

Although the environmental concentrations of the 
majority of contaminants of emerging concern 
(CECs) have not been fully characterized, previous 
surveys have shown that some CECs are ubiquitous 
in the environment, including pharmaceuticals, 
hormones, personal care products, current-use 
pesticides, plasticizers, and flame retardants. A 
national reconnaissance conducted by the U.S. 
Geological Survey (USGS) indicated the detection 
of at least one CEC in 80% of sampled streams 
(n=139) across 30 states (Kolpin et al., 2002). Apical 
effects of CEC exposure on biota in the environment 
are also largely unknown, although laboratory 
studies have shown that CECs can have detrimental 
effects on aquatic organisms (Weinberger and 
Klaper, 2013; Painter et al., 2009; Martinovic et al., 
2007; Balch et al., 2004). Effects include altered 
reproduction through endocrine disruption to 
behavior modification and range from possible 
population level to organismal impacts (Ankley et 
al., 2003; Brion et al., 2004; Salierno and Kane, 2009; 
McGee et al., 2009). As part of the investigation into 
CEC occurrence in sediments, surface waters, and 
fish tissues in the Great Lakes Basin (CEC Project) 
by the U.S. Fish and Wildlife Service (FWS) and 
USGS, an ecotoxicology database was developed 
that summarizes the available laboratory research 
on the effects of CECs. Despite a growing body of 
knowledge, the majority of CECs have not been 
fully characterized in terms of their environmental 
concentrations or effects on fish and wildlife. Many 
of the known effects are sub-lethal, making impact 
quantification on individuals and populations difficult. 
These effects could alone, or when combined with 
other environmental stressors, significantly impact 
fish and wildlife health and populations. Threatened 
and endangered species are particularly vulnerable. 
Additionally, effects in the environment are often 
variable and do not necessarily follow patterns that 
would be expected based on the composition of CECs 

detected in the environment (Writer et al., 2010). The 
limited empirical data from laboratory studies do 
not always account for the cumulative, antagonistic, 
and synergistic effects of CEC mixtures. Yet, 
sources of CECs, including point sources such as 
municipal wastewater treatment plants (WWTPs) 
and combined sewer outfalls (CSOs), and non-point 
sources such as agricultural and urban runoff, often 
produce complex mixtures of both CECs and better 
recognized pollutants (Reif et al., 2012; Petrie et 
al., 2014). Given these complexities, considerable 
uncertainty remains regarding the cumulative 
consequences of CEC exposure to free-ranging fish 
and wildlife. 

The CEC Project was designed with the objectives 
to (a) characterize the spatial and temporal 
distribution of CECs; (b) evaluate the risk to fish 
and wildlife populations; and (c) develop tools to 
aid resource managers in predicting, detecting, 
averting, or minimizing the ecological consequences 
of exposures to CECs in the Great Lakes Basin. 
This report addresses objective (a) of the CEC 
Project. Summarized in this report are the results of 
chemical data collected during the first three years 
of the study, including an overview of the presence 
and distribution of CECs in sediments, surface 
waters and fish tissues; a general characterization 
of sampling locations with respect to potential 
sources of CECs on the landscape; and an initial 
interpretation of the variation in CEC concentrations 
in sediment relative to identified sources. The 
information obtained from this study will be used to 
inform the remaining objectives of the CEC Project 
and to gain a better understanding of the sources, 
routes, and hazards of CEC exposure to fish and 
wildlife resources in the Great Lakes Basin.
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Methods

Site Selection
Sampling locations were identified by targeting 
tributaries within the Great Lakes Basin that 
contained sources of CECs, including municipal 
wastewater treatment plans (WWTPs) and combined 
sewer outfalls (CSOs), and urban and agricultural 
inputs. Surface water and sediment (i.e., roughly the 
top 10 cm of sediment) samples were collected by 
FWS and USGS personnel in 12 Great Lakes water 
bodies located in Minnesota, Wisconsin, Michigan, 

Ohio, and New York between September 2010 and 
September 2012 (Figure 1; Tables 1 and 2). During 
2010-2011, locations within Great Lakes Areas 
of Concern (AOC) tributaries with high human 
population densities and associated infrastructure 
were sampled. To reduce confounding effects from 
legacy contaminants, site selection was not limited 
to AOC tributaries and was expanded to capture 
potential non-point sources in 2012. 

Methods  3

Figure 1. Contaminants of emerging concern sampling locations during 2010-2012.
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Table 1. Number of sediment sampling events at each Great Lakes sampling location during 2010-2012.

Table 2. Number of surface water sampling events at each Great Lakes sampling location during 2010-2012.
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tandem mass spectrometry (GC/MS/MS) methods. 
Steroidal hormones were determined using an 
isotope dilution standard (IDS) quantification 
procedure similar to that used for water samples. 
Pharmaceuticals were extracted from sediment 
samples with an acetonitrile/water (70/30) solvent 
using PLE. Pharmaceuticals were then determined 
using high-performance liquid chromatography/
tandem mass spectrometry methods. Unfiltered 
water samples were also analyzed for wastewater 
indicators, steroidal hormones, and pharmaceuticals 
(Appendix A, Table A1). Wastewater indicators and 
pharmaceuticals were extracted from unfiltered 
water samples with methylene chloride in liquid-
liquid extractors and then analyzed using capillary-
column gas chromatography/mass spectrometry 
methods. Steroidal hormones were extracted from 
unfiltered water samples using solid phase extraction 
after IDS compounds were added to the samples and 
determined using GC/MS/MS methods. 

A subset of 150 livers from fish collected in 2012 
were submitted to ALS Environmental Laboratory 
in Kelso, Washington, USA, for analyses of a 
subset (n=60) of CECs (Appendix A, Table A2). 
This subset of CECs was selected based on CECs 
analyzed in sediment and water as well as available 
laboratory schedules. Samples were analyzed 
for pharmaceuticals, hormones and other known 
endocrine disrupting compounds (EDCs; modified 
EPA method 1694 [U.S. Environmental Protection 
Agency, 2007]) and perfluorinated compounds (PFCs; 
modified EPA method 537 [U.S. Environmental 
protection Agency, 2009a]). Additionally, eight 
samples from the Detroit River were submitted 
for brominated diphenyl ether (BDE) analysis. 
Brominated diphenyl ethers were extracted from 
samples using automated Soxhlet extraction (EPA 
method 3541; U.S. Environmental Protection Agency, 
1994) and then analyzed using SIM-PAH (EPA 
method 8270D; U.S. Environmental Protection 
Agency, 2014) selective ion monitoring [SIM]). 
Insufficient liver mass was available to conduct 
all analyses in some samples due to a substantial 
fraction of the liver being used for histological 
analyses for biological endpoints. In these reduced 
mass liver samples, priority for analysis was given 
to pharmaceuticals, personal care products and 
specific EDCs, with 150 samples (61 benthic species 
samples and 89 pelagic species samples) analyzed for 
chemicals in these suites and 114 samples (46 benthic 
and 68 pelagic species samples) analyzed for PFCs.

Sample Collection
Field and laboratory methods, as well as quality 
control/quality assurance data, are provided in detail 
in Lee et al. (2012; 2015). During the 2010-2012 
period, a total of 128 sediment and 2751 surface water 
samples were collected and analyzed for a broad suite 
of compounds (103 analytes in sediment samples; 
134 analytes in water samples) that are indicators 
of industrial, domestic, and agricultural influences. 
Prior to sample collection, water-quality properties 
(e.g., dissolved oxygen, temperature, pH, and specific 
conductance) were measured with a calibrated Yellow 
Springs Instrument (YSI) submersible sonde (YSI 
Incorporated, Yellow Springs, OH, USA)2. Unfiltered 
surface water samples were collected at mid-depth 
with a stainless steel weighted bottle sampler using 
a modified depth-integrated technique. Sediment 
samples were collected with a stainless steel 
Ekman grab sampler or other stainless steel coring 
equipment to obtain the most recently deposited (i.e., 
roughly the top 10 cm) sediment. 

Fish were collected at a subset of the water and 
sediment sampling sites using a variety of methods 
including electrofishing and fyke and seine netting. 
Four littoral-zone fish species were targeted for 
analyses based on their representation of either a 
benthic or pelagic community. The benthic species 
included white suckers (Catostomus commersonii) 
and brown bullheads (Ameiurus nebulosus), and 
the pelagic species included smallmouth bass 
(Micropterus dolomieu) and largemouth bass 
(Micropterus salmoides). Morphometric data were 
recorded for each fish, and their livers, gills, kidneys, 
gonads and blood were extracted for histological 
analysis. The remaining carcasses were packed on 
wet ice in the field and then placed in long-term 
frozen storage at the FWS Field Offices. A sub-
sample of 150 livers from fish collected in 2012 was 
submitted for the chemical analysis of 60 CECs.

Chemical Analyses
All sediment and water samples were analyzed 
at the USGS National Water Quality Laboratory 
in Denver, Colorado, USA, using the techniques 
detailed in Lee et al. (2012; 2015). Sediment and 
water samples were analyzed for a broad suite of 
wastewater indicators, steroidal hormones, and 
pharmaceuticals (Appendix A, Table A1). The 
wastewater schedule includes chemicals that are 
considered CECs as part of this project (e.g., 
antimicrobials, fragrances, plastic components, 
and surfactant metabolites) and chemicals that 
are not considered CECs (e.g., polycyclic aromatic 
hydrocarbons [PAHs]). All chemicals were evaluated 
and are presented. Briefly, wastewater indicators and 
steroidal hormones were extracted from sediment 
samples using pressurized liquid extraction (PLE) 
with an accelerated solvent extraction instrument 
and then determined using gas chromatography/

1  	 Includes QA/QC samples that were not counted in Table 2.
2  	 Any use of trade, firm, or product names is for descriptive 	
	 purposes only and does not imply endorsement by the 
	 U.S. Government.
3  	 For the temporal variation analyses, time series samples were 	
	 analyzed separately.
4  	 Sampling at these sites was coordinated with other projects 
	 evaluating CECs and funded under Focus Area 1 of
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Quality Control/
Quality Assurance
To ensure sediment and water data integrity 
and assess variability and potential sources of 
contamination, both laboratory and field quality 
control measures were employed (Lee et al. 2012; 
2015). Reagent-water blanks and spikes were 
included in every laboratory analysis to evaluate 
possible contamination and method performance 
over time. Surrogate compounds were also added to 
samples prior to extraction to monitor procedural 
performance. Environmental sample concentrations 
less than ten times a laboratory or field blank 
sample concentration were not used in analyses or 
given a value of “0”. These environmental samples 
were excluded or given a value of “0” to reduce 
the possibility of false positives in the dataset 
while accepting that actual concentration maybe 
higher than zero.  Laboratory spike and surrogate 
compound recoveries were generally within 
acceptable ranges (60-120%). Some compounds 
typically had lower laboratory spike sample 
recoveries, and thus their reported environmental 
concentrations may be biased low (e.g., 
3,4-dichlorophenyl isocyanate, cotinine, d-limonene, 
tetrachloroethene, and bisphenol-A). No compounds 
had spike sample recoveries above the acceptable 
range. For some chemicals, the environmental 
concentrations were identified below the laboratory 
reporting level. Because the USGS National Water 
Quality Laboratory (NWQL) reports “information 
rich” data, an estimated value was reported when the 
chemical met the criteria for a positive identification, 
which was accepted as a detection and used in the 
analyses. Environmental concentrations that were 
detected at levels above the laboratory reporting 
levels were included in the data analysis, with the 
assumption that these concentrations may be above 
the reporting level used in the analysis and, as a 
result, biased low. Analytes that were detected as 
present but for which the concentration was low and 
not verified were not used in the data analysis (i.e., 
treated as “0”). Additionally, analytes found in blank 
samples, indicating potential field or laboratory 
contamination, were not used in the analysis.

For the fish liver samples, several measures were 
used to ensure the integrity of the chemical data, 
including method blanks, laboratory control samples, 
spiked-duplicate samples, and laboratory surrogates. 
Method blanks and laboratory control samples were 
used to evaluate sample contamination. Spiked-
duplicate samples and laboratory surrogates were 
used to verify acceptable method recoveries. In 
accordance with ALS Environmental Laboratory 
quality assurance/quality control (QA/QC) 
procedures, environmental sample results less than 
20 times the concentration found in the method blank 
were considered estimated and were included in the 
analyses. Generally, recovery and relative percent 
differences of matrix spikes were within acceptable 
laboratory ranges. Specific details are available in the 

QA/QC reports generated by ALS Environmental 
Laboratory and the FWS Analytical Control Facility. 
These reports are not published, but can be made 
available upon request to FWS.

Data Analysis
Further processing of the data presented in Lee et 
al. (2012; 2015) was completed to facilitate the data 
analyses included in this report, or summarize the 
dataset. Duplicate samples and their respective 
environmental sample as well as time series samples 
(i.e., samples that were collected at the same sites 
during the same time period on different days) were 
arithmetically averaged to create one value for the 
analyses . In the St. Louis River, multiple sampling 
sites were established in proximity to one another 
(due to combined sampling objectives ). Chemical 
concentrations were summarized for all of the 2010 
and 2011 samples from the Western Lake Superior 
Sanitary District (WLSSD), Minnesota Power (MP), 
and Fond du Lac (FDL) sites (Appendix D, Table 
D1) using the geometric mean.  Descriptive statistics 
(including the minimum, maximum, geometric mean, 
and median concentration of all analytes across all 
sites and years) were calculated to summarize the 
data for sediment and water samples and can be 
found in Appendix B, Tables B1 and B2, respectively. 
Non-detects were assigned a “0” concentration value 
and thus excluded from the calculation of summary 
statistics. This was done to be consistent with the 
other data quality assurance procedures to reduce 
the possibility of over-reporting the presence and 
concentrations of some contaminants. As a result, 
the reported geometric means are biased high and 
represent the geometric mean of detections as opposed 
to the geometric mean of the environmental dataset. 
Analytes were also assigned to classes (Appendix 
A, Table A1) based on common chemical and/or use 
characteristics to better elucidate patterns in the 
presence and distribution of CECs and to provide an 
organized and consistent method of comparing the 
results (Table 3).

Table 3.  Number of analytes analyzed in sediment 
and water samples.
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Frequency Evaluation
The detection frequency of chemical classes and 
individual CECs was calculated by dividing the 
number of detections by the total number of samples. 
For chemical classes, detections of one chemical or all 
chemicals within a class were counted as the same. 
Detects were defined as chemical concentrations 
measured in total samples above “0” per the QA/QC 
definitions described above

Locations and Sites with the 
Highest Concentrations
Preliminary analysis to determine patterns in the 
maximum concentrations of CECs in the Great Lakes 
focused on analytes with at least a 20% detection rate. 
The 20% threshold was used to better elucidate any 
patterns in the dataset and to remain consistent with 
the cluster analyses (see next section). In other words, 
the patterns in maximum concentrations may be easier 
to identify in CECs with high detection frequencies 
as opposed to CECs with relatively elevated 
concentrations at only a few sites. Additionally, 
elevated concentrations do not necessarily equate to 
effect potential.  

Co-Occurring Chemicals
Patterns of chemical occurrence were assessed 
using cluster analyses. Dendrograms, showing 
clusters of the CECs and sites, were generated using 
hierarchical clustering of Euclidian distance matrices 
on rank-transformed data. The observed clusters 
indicate which chemicals were often detected together 
as well as sites at which co-occurring chemicals were 
detected. The rank-transformed CEC concentrations 
were used to remove skewness and are based on 
ranks of the maximum concentrations of each CEC at 
each sampling site. Given the small sample size and 
high prevalence of non-detect values, the maximum 
concentrations were used because of their ability to 
capture CEC occurrence; the arithmetic means were 
inappropriate due to the highly skewed distribution 
of the data, and the geometric means could not have 
been used due to the large amounts of non-detects. 
The data were further filtered to include only the 
CECs detected in at least 20% of the samples to 
facilitate the identification of CEC and site clusters. 
Cluster dendrograms, combined with a heatmap 
graphic, were generated using the heatmap.2 routine 
of the gplots package (Warnes et al., 2015) for the 
statistical program R (R Core Team, 2015).

Temporal Variation
Water chemistry was analyzed for temporal 
relationships through visual inspection of time series 
graphs.  The time at which time series samples were 
collected was plotted on an x-axis and concentration 
was plotted on a y-axis to help identify patterns such as 
specific times of day when chemical concentrations or 
number of chemicals detected were highest (Appendix 
C, Figures C9 through C15). In 2012, water samples 
were taken at different times of the day and on different 
days during both the spring and fall in the St. Louis 
River and during the fall in the Maumee River. 

 Location and Site Characterization
Spatial patterns in the presence and distribution 
of CECs relative to potential point and non-point 
sources were evaluated at each location. Possible 
point sources were identified utilizing the U.S. 
Environmental Protection Agency’s (EPA’s) Facility 
Registry Services database to identify National 
Pollutant Discharge Elimination System (NPDES) 
permittees (U.S. Environmental Protection Agency, 
2016). The NPDES permit program is responsible 
for the regulation of point-source dischargers of 
regulated pollutants (not CECs) into surface waters 
and includes WWTPs. Other datasets used to evaluate 
potential point sources of CECs included locations of 
concentrated animal feeding operations (CAFOs) and 
CSOs and were obtained by request from state and 
federal agencies.

 To evaluate potential non-point sources of CECs, 
percentages of land use types within target 
watersheds were calculated using the 2006 version of 
the USGS National Land Cover Database (NLCD; 
Fry et al., 2011). For the Canadian portion of the 
Detroit River watershed, the Ontario Ministry of 
Natural Resources’ Provincial Land Cover 2000 
dataset was used to identify land cover (Smyth, 
1999). The land cover classifications defined in the 
Provincial Land Cover dataset were combined to best 
match the classifications used for the NLCD. The 
“Extract by Mask” tool in ArcMap 10.2.2 was used to 
delineate land use data within the relevant watersheds 
(Environmental System Research Institute, 2014). 
The number of pixels corresponding to each land use 
type was then divided by the total number of pixels in 
the watershed raster dataset to obtain the percentage 
by land use type for each watershed included in our 
study. The pixels in the NLCD dataset measure 30m 
x 30m. The watershed level used for the mask was 
determined by the analysis. For example, in order to 
describe a sampling location as a whole, the smallest 
hydrologic unit code (HUC) that encompassed all 
sites within the sampling location was used; the USGS 
8-digit HUC (U.S. Geological Survey, 1999) was used 
for most sites. If a specific sampling site was being 
characterized compared to other sites within the same 
location, smaller hydrologic units (e.g., 12-digit HUC, 
or HUC-12) in which the sampling site was located 
were used. A description of the land use classes can 
be found in Table 4 and Appendix D, Table D2, and 
a color code for land use in site maps can be found in 
Figure 2. For simplicity, the “Planted/Cultivated” land 
use class is referred to as “agricultural” in this report.

Potential sources of CECs at each location were 
further investigated by comparing sample site data 
upstream and downstream from potential sources. The 
data were analyzed for the occurrence of increases 
and/or appearances in sediment CEC concentrations. 
An “increase” at a sampling site was defined as a 
2-fold or greater increase relative to the sampling 
site immediately upstream. A CEC concentration 
“appearance” was defined as an occurrence in which 
a chemical was reported as a non-detect (see Quality 
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sampling periods, number of WWTPs, number of 
CSOs, and dominant land use, is provided in Table 5. 

Control/Quality Assurance section) but was then 
detected at the next sampling site downstream. An 
upstream point source was considered “near” or “in 
the vicinity” of a sampling site if it was within 1km of 
the site. Although the initial, spatially coarse analysis 
included in this report represents a step toward 
identifying potential significant sources of CECs in 
the study area, it should be noted that the analysis is 
based on grab samples that represent a “snapshot” of 
the CEC concentrations in space and time rather than 
a more integrated index. A detailed source analysis is 
beyond the scope of this report; an additional, more 
in-depth evaluation of contaminant source is ongoing. 
Summarized watershed information, including 
the drainage area and average streamflow during 

Table 4.  Land cover classifications used for sites sampled during 2010-2012 for the presence of CECs. 
Classifications and descriptions are based on the USGS 2006 National Land Cover Dataset (see 
Appendix D, Table D2, for full descriptions).

3 	 For the temporal variation analyses, time series samples 
	 were analyzed separately.
4	 Sampling at these sites was coordinated with other projects 
	 evaluating CECs and funded under Focus Area 1 of the Great 
	 Lakes Restoration Initiative.
5	 For the purposes of this report, all insecticides, herbicides 
	 and pesticides were categorized as pesticides.
6	 The “Other” category included CECs that did not fit well 
	 within any of the other defined classes of CECs.
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Figure 2.  Color codes of land cover classifications (Fry et al., 2011).

Table 5.  General background information for focal watersheds. The smallest watershed unit (i.e., U.S. 
Geological Survey HUC) that encompassed all sites at each location was used for the general site 
description; descriptions of smaller watersheds within a larger unit that contained individual sites or 
sub-sets of individual sites are provided where necessary in the text. Sampling periods for streamflow 
statistics determined by sampling dates at each site; all available years of data were used to calculate 
average streamflow (USGS, 2016).
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Figure 3.  Overview map of the St. Louis River sampling location.

St Louis River
The St. Louis River watershed is dominated by 
wetlands (46%) and forests (35%), with developed 
land composing only 4% of the drainage. Two 
WWTPs and a power plant are the primary point 
sources that were identified in the sampling reach 
of the lower St. Louis River (Table 5; Figure 3; 
Appendix D, Figures D1 through D6). Four groups of 
sampling sites were sampled in 2010 and 2011 within 
the lowest part of the watershed, encompassing 
approximately 70 river kilometers: Fond du Lac 
(FDL), Minnesota Power (MP), Duluth WWTP 
(WLSSD), and Superior WWTP (SMTP). Site names 
and identifiers are as presented in Lee et al. (2012; 
2015) and were selected using nearby land markers 

or businesses and do not necessarily indicate CEC 
influence. The MP, WLSSD, and SMTP sites are 
in a sub-watershed that is characterized by a much 
higher percentage of developed land use than the 
watershed as a whole (42%), and the WLSSD and 
SMTP sites are also located near WWTP outfalls. 
In 2012, 15 sampling sites were added to increase 
the spatial coverage of the CEC sampling to more 
fully characterize the distribution and presence of 
CECs throughout the Lower St. Louis River. These 
additional sites were mostly located upstream from 
the WLSSD site in areas of the watershed that 
include some urban influence but are more generally 
representative of the watershed as a whole.
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to compare surface water and sediment chemistry 
between the headwaters of the watershed and the 
sample reach (Table 5; Appendix D, Figure D9). 
The Waupaca Chain O’Lakes is located within the 
Waupaca River sub-watershed and is dominated by 
agricultural land use (51%). Developed land in this 
sub-watershed occupies only 7% of the land area, 
compared with 30% in the Lower Fox River. No 
WWTPs are located upstream from the Waupaca 
Chain O’Lakes sampling location, although septic 
systems are likely common. 

Green Bay and Lower Fox River
The Lower Fox River watershed is dominated by 
agriculture (55%); however, the samples collected in 
2010 and 2011 were concentrated in the downstream 
reach of the Fox River, where urban developed land 
use is more prevalent. In 2012, sites were added 
to the middle stretch of the Fox River to capture 
the potential agricultural influences that are more 
representative of the watershed as a whole. Six 
known WWTPs discharge into the Fox River, 
although three are at least 10km upstream from 
the sampling reach, which extends approximately 
30 river kilometers from the river mouth (Table 5; 
Figure 4; Appendix D, Figures D7 and D8). Samples 
were also collected in the Waupaca Chain O’Lakes 
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Figure 4.  Overview map of the Green Bay and Lower Fox River sampling location.
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Milwaukee River
The Milwaukee River watershed contains three major 
branches: the Milwaukee River, Kinnickinnic River, 
and Menomonee River. When analyzed as one unit, the 
watershed is dominated by agricultural land use (43%), 
followed by developed land use (30%). Sampling sites 
were located near the lower part of the watershed, 
where developed land use is concentrated. Point sources 
in the sampling reach (which includes all three major 

tributaries) include many CSOs and a WWTP. Five 
additional WWTPs are located in the upper parts of 
the watershed (i.e., more than 30km upstream from the 
closest sampling site), which extends approximately 
three river kilometers up the Kinnickinnic and 
Menomonee Rivers and five river kilometers up the 
Milwaukee River (Table 5; Figure 5; Appendix D, 
Figure D10).

Figure 5.  Overview map of the Milwaukee River sampling location.
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Detroit River
The Detroit River watershed is heavily influenced by 
developed land use on the U.S. shoreline (85%) and 
agricultural land use on the Canadian shoreline (98%). 
Potential point sources of CECs include CSOs located 
on the main stem of the Detroit River and along 
the River Rouge, a tributary of the Detroit River. 

Additionally, four WWTPs and 10 other NPDES 
dischargers are located on the U.S. side within the 
sampling area, which encompasses approximately 26 
river kilometers; two other WWTPs and many CSOs 
are located in the upper part of the watershed (Table 
5; Figure 6; Appendix D, Figures D11 and D12).

Figure 6.  Overview map of the Detroit River sampling location.
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Figure 7.  Overview map of the River Raisin sampling location.

River Raisin
The River Raisin watershed is similar to many 
other locations with respect to the high proportion 
of agricultural land use (67%). Sampling locations 
(for 2012 only) were located near the mouth of the 
River Raisin at its confluence with Lake Erie, where 
a relatively small proportion of developed land (11%) 

is concentrated. One WWTP is located within the 
sampling reach, which occupies just over seven river 
kilometers of the River Raisin; 3 other WWTPs are 
located in the upper part of the watershed (Table 5; 
Figure 7; Appendix D, Figure D13).
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Figure 8.  Overview map of the Muamee River and Swan Creek sampling location.

Maumee River and Swan Creek
The Lower Maumee River watershed is characterized 
by agricultural land use (76%), primarily in the 
upstream reaches. The Swan Creek sub-watershed 
is located in the lower reaches of the Lower Maumee 
River watershed. Although the primary land use is 
also agricultural within the Upper and Lower Swan 
Creek sub-watersheds (55%), developed land occupies 
a greater percent area (23%) than in the larger Lower 
Maumee River watershed as a whole (14%). All but 
three of the sampling sites are located in the lower 
reaches of the Lower Maumee River watershed, 
where three WWTPs and many CSOs are located. 
The sampled reach of the Maumee River measures 
approximately 50 river kilometers. Sites sampled in 

2011 extended furthest upstream in the sampling 
reach in order to capture agricultural influence, 
whereas the sites in 2012 focused on CSO and WWTP 
influences in the downstream reaches of the river 
(Table 5; Figure 8; Appendix D, Figures D15 through 
D17).

Swan Creek offered a unique opportunity to sample 
a small tributary that is heavily influenced by CSOs. 
The Heilman Ditch-Swan Creek sub-watershed is 
composed of 54% developed land with seven CSOs 
that empty directly into the sampling area, which 
extends approximately five river kilometers up Swan 
Creek from its confluence with the Maumee River 
(Table 5; Figure 8; Appendix D, Figure D14).
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Ashtabula River
The Ashtabula-Chagrin watershed is dominated by 
forest (42%), followed by agriculture (35%). However, 
as with most other locations, the sampling sites at 
this location are located in the downstream segment 
of the river where a small area of developed land 
(12%) is concentrated. A WWTP is located in the 

sub-watershed, although it is unclear where the 
discharge is located. The sampling reach is relatively 
small, encompassing just over two river kilometers of 
the Ashtabula River (Table 5; Figure 9; Appendix D, 
Figure D18).

Figure 9.  Overview map of the Ashtabula River sampling location.
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Long Pond, Genesee River and Irondequoit Bay
Although the Long Pond, Genesee River, and 
Irondequoit Bay sampling locations are in three 
different watersheds, all three are associated with 
the Rochester Embayment AOC. The lower Genesee 
River is within the current AOC boundary. Long 
Pond and Irondequoit Bay are immediately adjacent 
and hydrologically connected to the Rochester 
Embayment AOC and were formerly within the 
AOC boundary. Each location is characterized by 
distinct patterns of land use. The Lower Genesee 
River watershed consists mostly of agricultural land 
use (55%), but the sampling sites are located near 
the mouth of the river, where developed land use is 
concentrated. As a whole, developed land use makes 
up only 11% of the total watershed. The Irondequoit 
Bay and Long Pond sampling sites are located in 
the Irondequoit Creek-Frontal Lake Ontario and 
Black Creek-Frontal Lake Ontario watersheds, 
respectively. The Black Creek-Frontal Lake Ontario 
watershed is dominated by developed land use (46%), 
but the sampling sites are located in an area that 
is surrounded by forest. The Irondequoit Creek-
Frontal Lake Ontario watershed is also dominated by 
developed land use (45%), but the sampling sites are 
located where agriculture is also a major influence. 
A WWTP and CSOs are present in the sampling 
reach of the Genesee River, which includes nearly 

eight river kilometers; the remaining WWTPs and 
CSOs are in the upper part of the Genesee River 
watershed. Although WWTPs also exist in the 
Irondequoit Creek-Frontal Lake Ontario and Black 
Creek-Frontal Lake Ontario watersheds, none are 
within any of the sampling reaches. However, both 
Long Pond and Irondequoit Bay have been heavily 
impacted by upstream WWTP discharge (Sherwood, 
2004). The sampling reaches of Long Pond and 
Irondequoit Bay are each approximately three 
kilometers (Table 5; Figure 10; Appendix D, Figures 
D19 through D21).

Similar to sediment and water chemistry, summary 
statistics (i.e., minimum, maximum, geometric mean, 
and median) were generated for the fish liver tissue 
chemistry to summarize the dataset. The results were 
grouped by community (i.e., benthic or pelagic) to 
account for the different exposure pathways that may 
result in differing effects (Appendix B, Tables B3 and 
B4).

Figure 10.  Overview map of the Long Pond, Genesee River and Irondequoit Bay sampling location.
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Results and Discussion

Frequency Evaluation
In general, individual CECs were more frequently 
detected in sediment than in water samples across 
all sites during 2010-2012. On average, 22% of 
CECs were detected in sediment samples (n=107), 
while 11% of CECs were detected in water (n=127 
samples). Indole, a flavor/fragrance, was the most 
commonly detected CEC in sediment (99% of 
samples). The second most frequently detected 
chemical in sediment was cholesterol, a sterol, 
which was detected in 98% of the samples. At least 
one chemical in the PAH, alkylphenol, pesticide, 
hormone, and “other” CEC classes was detected in 
more than 50% of the sediment samples. The CECs 
that were generally more frequently detected in 
sediment compared to water were alkylphenols, 
flavors/fragrances, hormones, PAHs, and sterols 
(Figures 11-12; Appendix B, Tables B1 and B2).

In contrast to the sediment samples in which 22 
chemicals representing all chemical classes were 
detected in more than 50% of samples, only four 
chemicals representing two classes were detected in 
greater than 50% of the water samples. The sterol 
cholesterol, the most commonly detected chemical 

in water samples, was detected in 98% of the surface 
water samples. The pesticides metolachlor, N,N-
diethyl-meta-toluamide (DEET), and atrazine were 
detected in 66%, 65% and 60% of water samples, 
respectively. Pesticides, pharmaceuticals, and 
plasticizers/flame retardants were generally more 
frequently detected in water compared to sediment 
(Figures 11-12; Appendix B, Tables B1 and B2). The 
octanol-water partition coefficient (log Kow), which 
can be used as one indicator of a chemical’s tendency 
to partition into organic soils, did not appear to 
account for the observed frequency of detection in 
the sampling media (U.S. Environmental Protection 
Agency, 2009b; Table 6; Appendix A, Table A1). The 
chemical properties of CECs will be further analyzed 
as a part of meeting CEC Project objectives (b) 
and (c) to determine whether there is a relationship 
between the Koc (measure of chemical partitioning 
to organic carbon) and partitioning in sampling 
media. Notably, many pharmaceuticals have an 
acid dissociation constant (pKa) near common 
environmental pH ranges, and these particular 
organic chemicals can exhibit a different chemical 
charge between sampling locations, potentially 
affecting their partitioning characteristics between 
water and sediment (Rendal et al., 2011).

Figure 11.  Frequency of Detection (%) of chemical classes in sediment and water across all sites and 
years (2010-2012).



Name of Section  19Results and Discussion   19

Figure 12. 	Average frequency of detection of individual CECs grouped by chemical class in sediment 
and water across all sites and years (2010-2012).  

Table 6.   Average log Kow of CEC chemical classes.  
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Locations and Sites with the Highest 
Concentrations of Individual CECs
The highest concentrations of individual CECs with 
at least a 20% detection rate in sediment and surface 
water samples were most often recorded in the St. 
Louis and Maumee River/Swan Creek systems (Figures 
13 and 14). These locations were the most extensively 
evaluated of the 12 locations between fall 2010 and fall 
2012. Relative to all other sampling locations, the St. 

Louis River sites had the highest concentrations of 
hormones, “other” CECs, PAHs, and pharmaceuticals 
in sediments. The Maumee River/Swan Creek sites had 
the highest concentrations of alkylphenols, PAHs, and 
sterols in sediments and the highest concentrations of 
flavors/fragrances, “other” CECs, pharmaceuticals, and 
plasticizers/flame retardants in surface waters relative to 
all other locations.

Figure 13. 	Number of detections of the highest sediment concentrations of individual CECs by class 
relative to all sites across all years for CECs with at least a 20% detection rate.

Figure 14. 	Number of detections of the highest water concentrations of individual CECs by class 
relative to all sites across all years for CECs with at least a 20% detection rate.
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influences. The plasticizers bisphenol A and tributyl 
phosphate (TBPE) were often detected together and 
were associated with sites that have a mix of agricultural 
and developed land use as well as sites dominated by 
agriculture or developed land use. The pesticides atrazine 
and metolachlor (both herbicides) were detected together 
at sites with land uses that are dominated by agricultural 
practices (Figure 16).

Many of these observations follow expected patterns 
(Karpuzcu et al., 2014; Fairbairn et al., 2016a). For 
example, PAHs are produced as a result of the burning 
of fossil fuels, and it follows that they would commonly be 
detected together and at locations with large proportions 
of developed land use (Van Metre et al., 2000). The 
herbicides atrazine and metolachlor are herbicides used 
on row crops, and it follows that these herbicides would 
be detected together at locations with large proportions 
of agricultural land use. The cluster analysis indicates 
other pairs or groupings for which the relationships 
may not be as clear. For example, triclosan and 
hexahydrohexamethyl cyclopentabenzopyran (HHCB) 
were often detected together in sediment. Although these 
chemicals represented different classes as defined in the 
methodology, they are all ingredients in personal care 
products (Centers for Disease Control, 2013; Chemical 
Book, 2016). Additionally, more in-depth analyses are 
planned to further explain these relationships. Mixture 
information obtained through the above analyses was 
used to determine the common CEC mixtures that are 
currently being used to address objectives (b) and (c) of 
the CEC Project, which includes laboratory exposures. 
Laboratory exposures will provide better understanding 
of the interaction effects of these complex environmental 
chemical mixtures. 

Co-Occurring Chemicals
Polycyclic aromatic hydrocarbons are components 
of coal tar and fuel oil and have multiple sources to 
the environment, including incomplete combustion of 
fossil fuels and other organic matter (Agency for Toxic 
Substances and Disease Registry, 1995; Agency for Toxic 
Substances and Disease Registry, 2009). In sediments, 
cluster analysis using rank transformed data indicates 
that the PAHs phenanthrene, pyrene, benzo-a-pyrene, 
anthracene, and fluoranthene were often detected 
together (Figure 15). These PAHs have higher molecular 
weights than the napthalenes (discussed below). The 
chemicals 9,10-anthraquinone and carbazole, both of 
which have industrial uses in the synthesis of dyes, were 
also often detected together with the aforementioned 
PAHs (Windolz et al., 1983). As with PAHs, carbazole 
is also a component of coal tar, and 9,10-anthraquinone 
is prepared industrially from PAH components of coal 
tar (Agency for Toxic Substances and Disease Registry, 
2009; International Agency for Research on Cancer, 
2013). The lower-molecular weight PAHs naphthalene, 
1-methylnapthalene, and 2-methylnapthalene also 
clustered closely together, indicating that these 
compounds had a similar pattern of occurrence. These 
groups of CECs were associated with sites that have 
large proportions of developed land use as well as sites 
with WWTP and CSO influences. Additionally, several 
pairs of compounds were often detected together: the 
alkylphenols 4-nonylphenol and 4-tert-octylphenol were 
often detected together, as were the hormones estrone 
and 4-androstene-3,17-dione and the sterols beta-
sitosterol and beta-stigmastanol. These pairs were often 
associated with sites that have a mix of developed and 
agricultural land uses (Figure 15).

In water, the pharmaceuticals venlafaxine, lidocaine, 
phenytoin, and tramadol were commonly detected 
together and were associated with sites with large 
proportions of developed land use and WWTP and CSO 
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Figure 15. 	Output of the sediment chemistry cluster analysis. The heat map component indicates the 
ranked concentrations of CECs, and the dendrograms indicate the patterns of chemical occurrence or 
site chemical composition.
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Figure 16. 	Output of the water chemistry cluster analysis. The heat map component indicates the 
ranked concentrations of CECs, and the dendrograms indicate the patterns of chemical occurrence or 
site chemical composition.
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Temporal Variation
The samples collected at multiple times within a 
single sampling event at the St. Louis and Maumee 
River sites that were assessed visually did not reveal 
any consistent temporal pattern in the number or 
concentration of CECs detected in water. No pattern 
was expected because these grab samples represent 
a snapshot of the site in space and time. The chemical 
mixtures in the surface water at any site are 
expected to be in constant flux (Appendix C7, Figures 
C9 through C15). 

In spring of 2012, four samples were collected at 
various times of the day on different days at four 
sites in the St. Louis River location (Appendix C, 
Figures C9 through C12). At the most upstream site 
(EriePr), the samples collected in the morning and 
early evening generally yielded a greater number 
of detections. At the downstream site (RicesPt), the 
detections were highest in the samples collected later 
in the evening (i.e., after 7:00pm [20:00]). Similar 
to the most upstream site, number of chemicals 
detected seemed to be highest in the morning 
through mid-day, then again in the evening at site 
SMTP which was located downstream from site 
EriePr.  The furthest downstream site (HogIsland) 
had similarly higher numbers of chemicals detected 
in the morning and afternoon and tapered off slightly 
in the evening sample. Because only two time series 
samples were collected at the St. Louis River location 
in fall 2012, these data points were left out of the 
analysis.

The Maumee River sites were sampled for daily 
variation in the autumn of only 2012. Similar to the 
St. Louis River, the results indicate no discernable 
temporal patterns. Of the four samples collected 
at different times of the day on different days, 
the sample collected just after mid-day at a site 
immediately upstream from a potential point 
source (MAU-US-WWTP) had the greatest number 
of chemical detections. At the site immediately 
downstream from the same potential point source 
(MX-WWTP), the morning sample had the greatest 
number of detections and highest concentrations of 
CECs. The samples collected in the late afternoon at 
a site further downstream from the potential point 
source (MAU-Distal) revealed higher concentrations 
and a greater number of CECs detected compared 
with the early afternoon and morning samples 
(Appendix C, Figures C13 through C15).

Location and Site Characterization
This section describes the patterns in the chemical 
concentration (i.e., appearances and increases) 
between individual sampling sites relative to potential 
CEC sources or land uses. Rather than evaluating 
the chemical gradients from the most upstream to the 
most downstream sites within a location, this analysis 
focused on pairs of sites that bracketed specific point 
sources and/or land uses. Known and suspected point 
sources of CECs (including WWTPs and CSOs), and 
known and suspected non-point sources of CECs 

(including urban and agricultural runoff) were the 
focus of the initial investigation and analysis (Gros 
et al., 2007; Vidal-Dorsch et al., 2012; Lee et al., 
2011; Phillips and Chalmers, 2009; Phillips et al., 
2012; Dodder et al., 2014; Shore and Shemesh, 2003, 
Fairbairn et al., 2016b, Van Metre et al., 2000; Lee et 
al., 2006; Abdel-Shafy and Mansour, 2016). Notably, 
this analysis was based on single grab samples that 
represent a “snapshot” of the chemical concentrations 
in space and time. The temporal analysis of CECs in 
water samples indicates that there was variability in 
the concentrations throughout the day. As a result, 
this analysis was limited to the sediment chemistry, 
which was assumed to provide more temporally stable 
chemical occurrence information than water because 
sediment is less mobile and adsorbs certain types of 
chemicals.

Generally, sites with the highest number of 
appearances or increases occurred immediately 
downstream from WWTPs, followed by CSOs 
and then other NPDES dischargers (Figures 17-
18; Appendix C, Table C1). Polycyclic aromatic 
hydrocarbons (PAHs) appeared or increased more 
than any other CEC class downstream from the 
three studied types of point sources. These initial 
results were anticipated because developed areas that 
include WWTPs and CSOs were targeted as sampling 
locations during the first three years of the study. As 
a result, WWTPs and CSOs made up the majority of 
the sampled potential point sources.

With respect to the relationship between land use 
and CEC concentrations, most appearances and 
increases were observed at the downstream site of 
paired upstream/downstream sites between which the 
land use is primarily developed, followed by a mix of 
agricultural and developed land use, predominantly 
agricultural land use, and finally undeveloped land 
use (which included sites dominated by forests and 
wetlands; Figures 17 and 18; Appendix C, Table 
C1; Appendix D, Figures D1-D21). Similarly, PAHs 
appeared or increased more than any other CEC 
class at sites with predominantly developed land, a 
mix of developed and urban land, and undeveloped 
land. At sites characterized mainly by agricultural 
use, hormones exhibited the highest number of 
appearances and increases.

7	 Although all CECs were used to evaluate temporal variation, Appendix C presents a subset of figures for 
demonstration purposes; chemicals were sorted by frequency of detection, and the first four chemical classes 
that had two chemicals with the highest detection were chosen for Appendix C. In some cases, sterols were 
omitted to avoid distortion of the y-axis scale.
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Figure 17. 	Number of appearances and increases in sediment by chemical class and point source type.  

Figure 18. 	Number of appearances and increases in sediment by chemical class and land use grouping. 

St. Louis River
In the St. Louis River, the WLSSD site had the 
highest number of appearances and increases in all 
three years in which sediment was sampled. The MP 
site had the second highest number of appearances 
and increases in 2010 and 2011, and GrassyPt site 
had the second highest number of appearances and 
increases in 2012. All nine PAHs analyzed appeared 
or increased at these sites. A coal and biomass-
fueled power plant and developed land use may be 
contributing to these patterns in CEC concentrations 
at MP and GrassyPt sites because PAHs are 
associated with the combustion of organic materials 
such as coal (Van Metre et al., 2000; Abdel-Shafy 
and Mansour, 2016). Appearances and increases 
were observed in all classes of CECs at WLSSD 
site in 2010 and 2011. Furthermore, increases and 
appearances occurred more at the WLSSD site 

relative to any other site in all CEC classes except 
PAHs. In addition to the increase in developed land 
use, a municipal WWTP may be a contributing source 
to the large number of appearances and increases in 
CEC concentrations (Gros et al., 2007; Vidal-Dorsch 
et al., 2012; Lee et al., 2011; Dodder et al., 2014; 
Fairbairn et al., 2016b; Van Metre et al., 2000).

Green Bay and Lower Fox River
Appearances and increases in a variety of chemicals 
were observed in sediments at all sites within the 
Fox River and Green Bay sampling locations, except 
FXR-6 site. The greatest number of appearances and 
increases in 2010 and 2011 were observed at FXR-
3 site. The FXR-3 site is located in Green Bay and 
may be in a depositional area of the bay; sediments 
contaminated with CECs may have been carried to 
this site by the Fox River over time (Manchester-
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Neesvig et al., 1996). In 2012, the most appearances 
and increases occurred at DPERE-9 site in the 
alkylphenol, flavor/fragrance, “other” CEC, PAH, 
pesticide, and sterol chemical classes. The DPERE-9 
site is located immediately downstream from a 
WWTP and areas of primarily agricultural land use, 
which could account for these observations (Gros et 
al., 2007; Vidal-Dorsch et al., 2012; Lee et al., 2011; 
Dodder et al., 2014; Fairbairn et al., 2016b). The 
greatest number of appearances and increases in 
hormones relative to any other site at the Fox River 
and Green Bay location was observed at FXR-13 
site, which is below the confluence of a stream that 
drains agricultural land including CAFOs, which are 
potential sources of hormones (Shore and Shemesh, 
2003; Lee et al., 2006). 

Milwaukee River
Inferences regarding the potential trends in 
CEC concentrations and possible sources were 
limited because there were only three sediment 
sampling sites in the Milwaukee, Kinnickinnic, and 
Menomonee Rivers. A number of CECs appeared in 
Milwaukee River sediment at MILWR-WABR site, 
including alkylphenols, hormones, PAHs, pesticides, 
pharmaceuticals, and plasticizers/flame retardants. 
Potential upstream sources include several CSOs and 
other developed land uses. These sources may be a 
factor in the appearances and increases observed 
(Phillips and Chalmers, 2009; Phillips et al., 2012; 
Dodder et al., 2014; Van Metre et al., 2000).

Detroit River
Appearances and increases in Detroit River 
sediments were most commonly observed at DTR-
2, DTR-3, and DTR-4 site in 2010 and DTR-11 and 
DTR-4 sites in 2011. The DTR-2 site experienced 
appearances and increases in PAHs, hormones, 
and “other” CECs. This site is located near the 
confluence of the Rouge River, which drains 
primarily developed lands (83%; Fry et al., 2011) 
and receives discharges from CSOs, a steel coating 
facility and an auto plant. Potential influences on the 
main stem of the Detroit River at DTR-2 site include 
a WWTP, coal-fired power plant, and steelmaking 
and finishing facility. A number of appearances and 
increases in pharmaceuticals were also observed 
at DTR-4 site, which may be explained by the two 
WWTPs upstream from DTR-4 (Gros et al., 2007; 
Vidal-Dorsch et al., 2012; Lee et al., 2011; Fairbairn 
et al., 2016b).

River Raisin 
Appearances and increases in alkylphenols, flavors/
fragrances, hormones, “Other” CECs, PAHs, and 
sterols were observed in sediment from RRR-3 site. 
In contrast to sites downstream from WWTPs at 
other locations, the appearances and increases were 
observed in all CEC classes at RRR-3 sites except 
pharmaceuticals. Developed land use surrounding the 
sampling reach and a WWTP located upstream from 
RRR-3 site are possible contributors to the pattern 
of CEC concentrations observed at the River Raisin 

location (Gros et al, 2007; Vidal-Dorsch et al., 2012; 
Lee et al., 2011; Dodder et al., 2014; Fairbairn, et al., 
2016b; Van Metre et al., 2000).

Maumee River and Swan Creek 
At the Maumee River location, sites with multiple 
increases and appearances in CEC concentrations 
were located in the vicinity of CSOs and WWTPs. 
The most appearances and increases were observed 
at MAU-LASALLE site in spring 2012. Appearances 
and increases were observed in all CEC classes 
at MAU-LASALLE site, in particular hormones, 
pharmaceuticals and plasticizers/flame retardants. 
Although MAU-LASALLE site is located upstream 
from a WWTP, appearances and increases were 
also prevalent adjacent to and downstream from 
the WWTP. The occurrence of large numbers of 
appearances and increases in pharmaceuticals and 
plasticizers/flame retardants relative to other sites 
follows the observed pattern at WWTPs located in 
large urban areas of other locations, including the 
WLSSD site in the St. Louis River watershed and 
the DTR-4 site in the Detroit River watershed. At 
CSO sites, including MAU-CSO-9 and MAU-CSO-68 
sites, the greatest number of appearances and 
increases were observed for PAHs and hormones. It 
is possible that CSO overflows during rain events are 
contributing to this pattern (Phillips and Chalmers, 
2009; Phillips et al., 2012).

Similar to the CSO sites in the Maumee River 
watershed, appearances and increases were observed 
downstream from CSOs in the Swan Creek watershed. 
In Swan Creek, SWC-3 and SWC-10 sites had the 
highest number of appearances and increases in CEC 
concentrations in 2010, followed by SWC-11 site in 
2011. Hormone and PAH appearances were common, 
suggesting that CSOs and the large percentage of 
developed land use in the watershed are contributing 
to the observed patterns (Phillips et al., 2009; Phillips 
et al., 2012; Dodder et al., 2014; Van Metre et al., 2000). 

Ashtabula River 
The most notable observation in Ashtabula River 
sediments consisted of the appearances and increases 
in PAHs at ASH-1 site. This observation may be 
attributed to the high proportion of developed land 
use surrounding the sampling area, which includes a 
large rail yard that sits adjacent to an embayment in 
which ASH-1 site is located (Dodder et al., 2014; Van 
Metre et al., 2000). 

Long Pond, Genesee River and Irondequoit Bay 
For the analysis of the Long Pond location, all samples 
were compared to a single reference location (LP06-
REF) located upstream from WWTP influences in 
the tributary, as opposed to the sample collected 
immediately upstream at riparian sites because Long 
Pond consists of open water with different patterns 
of flow compared to the river . The two sampling 
sites with the greatest number of CEC increases 
or appearances in Long Pond sediments were both 
located at the southern (most upstream) end of the 
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Concentrations of CECs in Fish Tissue
The concentrations of CECs in fish tissue were 
measurable for some chemicals, but many chemicals 
were not detected. The small sampling size per site, 
small liver mass, and current laboratory detection 
limits led to challenges with data interpretation. 
Even with these limitations, some patterns were 
identified. Non-detects of chemicals in all classes 
except for plasticizers/flame retardants were 
reported. Atrazine, 17-alpha-ethynylestradiol, 
17-alpha-estradiol, androstenedione, carbamazepine, 
diazepam, diclofenac, estrone, meprobamate, 
naproxen, sulfamethoxazole, and estriol were not 
detected in any benthic or pelagic fish samples. 
Perfluorinated compounds (PFCs), which were only 
analyzed in fish tissue, were the most frequently 
detected class of contaminant in fish liver tissues. 
These chemicals are commonly used in a number 
of applications including non-stick cookware, stain 
resistant carpeting, and cosmetics amongst others 
and do not readily breakdown in the environment 
(Minnesota Pollution Control Agency, 2016). These 
properties may account for the high detection 
frequencies of PFCs in fish tissue. One or more PFCs 
were detected in every tissue sample collected in both 
benthic and pelagic species. Perfluoroheptanoic acid 
was the least frequently detected PFC, with a 4% 
detection rate in benthic species and a 7% detection 
rate in pelagic species. Perfluorodecanoic acid, 
perfluorooctanesulfonate, and perfluoroundecanoic 
acid were detected at a 100% detection rate in benthic 
and pelagic species (Appendix B, Tables B3 and B4; 
Appendix C, Figures C16 and C17). 

The frequency of detection appeared to be similar 
among benthic and pelagic fish species, with a few 
exceptions. Benthic species had a higher frequency 
of detection of perfluorononanoic, perfluorooctanoic, 
and perfluoropentanoic acids than their pelagic 
counterparts. Conversely, pelagic species had higher 
rates of detection of progesterone, perfluorohexanoic 
acid, and oxybenzone (Appendix B, Tables B3 and B4; 
Appendix C, Figures C16 and C17). Additional data 
from subsequent sampling years will be combined 
with these data for further, more in-depth statistical 
evaluations.

pond. Hormones appeared and increased the most at 
LP01 site relative to any other site, whereas flavors/
fragrances and sterols increased and appeared at LP-
South site. No currently known active point sources 
that may account for the observed patterns in CEC 
concentrations are located in the immediate area. 
The agricultural and developed land surrounding 
the sampling location may be partially contributing 
factors to these patterns (Dodder et al., 2014; Shore 
and Shemesh et al., 2003; Fairbairn et al., 2016b).

The majority of increases or appearances in CEC 
concentrations in Genesee River sediments occurred 
at GNR-3 and GNR-6 sites. The classes of CECs that 
appeared or increased at these sites include “other” 
CECs, PAHs, pharmaceuticals and plasticizers/
flame retardants at GNR-3 site and hormones, PAHs, 
plasticizers/flame retardants, and sterols at GNR-6 
site. Potential influences include the developed land 
use surrounding the sampling reach, two CSOs, and 
a WWTP that discharges upstream from GNR-3 site 
(Gros et al., 2007; Vidal-Dorsch et al., 2012; Lee et 
al., 2011; Phillips and Chalmers, 2009; Phillips et al., 
2012; Fairbairn et al., 2016b; Van Metre et al., 2000). 
Although GNR-1 and GNR-2 sites are closer to these 
potential point sources than GNR-3 site, it is possible 
that the discharge is downstream from these sites 
or that the river flow transports any contaminants 
downstream before settling into the sediment. 

Similar to Long Pond, Irondequoit Bay sediment 
samples were compared to a single reference sample 
(IB06_REF) located in a small tributary with no 
known CEC sources. Appearances and increases in 
CEC concentrations were observed in PAHs at every 
site relative to the reference site. Hormones were 
observed to appear and increase at IB06 and IB_NW_
PHRAG sites. The concentrated, developed land use 
to the west of the bay may be a contributing factor 
(Van Metre et al., 2000).

Results and Discussions   27   
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Summary of Principal Findings

The data collected during the first three years of 
our study indicate that contaminants were more 
frequently detected in sediment compared to water. 
The chemicals classified as alkylphenols, flavors/
fragrances, hormones, PAHs, and sterols had higher 
average detection frequencies in sediment compared 
to water, whereas the opposite was observed for 
pesticides, pharmaceuticals, and plasticizers/flame 
retardants. The St. Louis River and Maumee 
River sampling locations had the highest number 
of detections in water and sediment, relative to 
the other sites, as well as the largest number of 
maximum detected concentrations across all sites 
in the basin. There were no consistent temporal 
CEC occurrence patterns observed at locations 
sampled multiple times each day. Most concentration 
appearances and increases in sediments occurred 
at sites immediately downstream from WWTPs 
and at sites with predominantly developed land use. 
The location with the greatest number of observed 
appearances and increases was the St. Louis River. 
Perfluorinated compounds were commonly detected 
in fish liver tissues with detections of 100% in both 
benthic and pelagic species. The occurrence of these 
chemicals in the liver tissue of benthic and pelagic 
species was generally similar. 

Next Steps
This report provides an initial summary of the 
presence and distribution of CECs in the Great 
Lakes Basin and represents an important step in 
achieving the goals of the project: evaluating the 
risks to fish and wildlife and developing management 
recommendations to mitigate or eliminate those 
risks. This study indicates that CECs are prevalent 
throughout the environment and composed of wide 

and varying classes of chemicals. Currently, the 
methodologies and technologies needed to detect 
and quantify environmentally relevant levels of 
some compounds are not available. Importantly, 
a high number of non-detects were present in the 
dataset, which does not mean that the contaminant 
in question was absent from the environment or from 
fish tissues but rather concentrations were below a 
laboratory reporting level. The analyte may or may 
not be present at concentrations that could impact 
fish and wildlife resources. However, this question 
cannot be addressed for many chemicals because the 
chemical detection limits do not necessarily reflect 
the biological effect concentrations.

In-depth statistical analyses and continued 
sampling during 2013 and 2014 will help to further 
characterize the spatial and temporal trends in 
CECs across sites in order to evaluate the biological 
uptake and effects across fish guilds. Empirical 
data to interpret how such chemical concentrations 
would specifically impact fish and wildlife are sparse, 
which is confounded by the fact that many laboratory 
studies are based on a single chemical and do not 
take into account the interactive effects of real world 
exposures to chemical mixtures. Additional steps 
are planned (2015-2019) to refine toxicity-based 
screening levels and to understand the effects of 
mixtures on laboratory-exposed fish. These steps will 
build upon this current study and allow for a better 
definition of the effects of CECs on aquatic organism 
exposure and adverse outcomes. Those studies, 
along with an ongoing refinement of toxicity-based 
screening values, will provide much needed guidance 
to fish and wildlife managers in determining the best 
practices to protect and enhance fish, wildlife, and 
their habitats. 
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Appendix A. Analyte Properties

Table A1. 	 Analyte properties, including Chemical Abstract Service Registry Numbers (CASRN), class, 
laboratory reporting level for sediment samples (in nanograms per gram (ng/g)), reporting level for 
water samples (in micrograms per liter (µg/L)), octanol-water partition coefficient (log Kow), and in 
what media analytes were sampled (S=sediment; W=water). 
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Table A1 (continued)



Name of Section  35

Table A2. 	 Analytes included in the analysis of fish tissue. This suite of chemicals includes 12 
perfluorinated compounds (PFCs) and 17 brominated diphenyl ethers (BDEs). 
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Appendix B. Summary Statistics

Table B1. 	 Select summary statistics based on detections for sediment samples across all sites from 
2010-2012 listed in order of detection frequency (i.e. percent detection) including analyte, CEC class, 
minimum concentration detected, maximum concentration detected, geometric mean, median, and 
detection frequency.  All concentrations are reported in nanograms per gram (ng/g).

7 ND = Non-detect
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Table B1 (continued)
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Table B2. 	 Select summary statistics based on detections for water samples across all sites from 
2010-2012 listed in order of detection frequency (i.e. percent detection) including analyte, CEC class, 
minimum concentration detected, maximum concentration detected, geometric mean, median, and 
detection frequency.  All concentrations are reported in micrograms per liter (µg/L).

8 ND = Non-detect
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Table B2 (continued)
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Table B3. 	 Select summary statistics for CEC concentrations in benthic species liver tissue. All 
concentrations are reported in nanograms per gram (ng/g). Laboratory detection limits are listed in an 
unpublished laboratory report and can be made available upon request.

9 ND = Non-detect
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Table B4. 	 Select summary statistics for CEC concentrations in pelagic species liver tissue. All 
concentrations are reported in nanograms per gram (ng/g). Laboratory detection limits are listed in an 
unpublished laboratory report and can be made available upon request.

10 ND = Non-detect
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Appendix C. Summary Figures and Tables

Figure C1. 	Number of chemicals detected in sediment samples collected in fall 2010 by sampling 
location and chemical class.

Figure C2. 	Number of chemicals detected in water samples collected in fall 2010 by sampling location 
and chemical class.
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Figure C3. 	Number of chemicals detected in sediment samples collected in spring 2011 by sampling 
location and chemical class.

Figure C4. 	Number of chemicals detected in water samples collected in spring 2011 by sampling 
location and chemical class.
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Figure C5. 	Number of chemicals detected in sediment samples collected in spring 2012 by sampling 
location and chemical class.

Figure C6. 	Number of chemicals detected in water samples collected in spring 2012 by sampling 
location and chemical class.
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Figure C7. 	Number of chemicals detected in sediment samples collected in fall 2012 by sampling 
location and chemical class.

Figure C8. 	Number of chemicals detected in water samples collected in fall 2012 by sampling location 
and chemical class.

Appendix C   49   



50   Contaminants of Emerging Concern in the Great Lakes Basin

Figure C9. 	Time series graph of water samples collected in spring 2012 at the EriePr sampling site in 
the St. Louis River location (TDCPP = tris(dichloroisopropyl) phosphate).

Figure C10. Time series graph of water samples collected in spring 2012 at the RicesPt sampling site in 
the St. Louis River location (TDCPP = tris(dichloroisopropyl) phosphate).
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Figure C11. Time series graph of water samples collected in spring 2012 at the SMTP sampling site in 
the St. Louis River location (TDCPP = tris(dichloroisopropyl) phosphate).

Figure C12. Time series graph of water samples collected in spring 2012 at the HogIsland sampling site 
in the St. Louis River location (TDCPP = tris(dichloroisopropyl) phosphate).
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Figure C13. Time series graph of water samples collected in fall 2012 at the MAU-US-WWTP sampling 
site in the Maumee River (TDCPP = tris(dichloroisopropyl) phosphate).

Figure C14. Time series graph of water samples collected in fall 2012 at the MX-WWTP sampling site in 
the Maumee River (TDCPP = tris(dichloroisopropyl) phosphate).
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Figure C15. Time series graph of water samples collected in fall 2012 at the MAU-Distal sampling site in 
the Maumee River (TDCPP = tris(dichloroisopropyl) phosphate).
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Figure C16. Frequency of detections of CECs by chemical class and species community. Numbers over 
chart bars indicate number of samples.

Figure C17. Number of CECs detected by CEC class and species community.
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Appendix D. Location and Site Information

Table D1. 	 Locations of sampled sites and types of samples collected (ID=identifier; S=sediment; 
W=water; DD=decimal degrees; --= not sampled).
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Table D1 (continued)

Table D2. 	 USGS 2006 National Land Cover Database descriptions (Fry et al., 2011).
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Figure D1. 	Map of St. Louis River sites sampled in fall 2010 and spring 2011.
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Figure D2. 	Map of Fond du Lac sampling sites within the Saint Louis River location in fall 2010 and 
spring 2011.
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Figure D3. Map of Minnesota Power sampling sites within the Saint Louis River location in fall 2010 and 
spring 2011.
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Figure D4. 	Map of Duluth Wastewater Treatment Plant sampling sites within the Saint Louis River 
location in fall 2010 and spring 2011.
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Figure D5. Map of Superior Wastewater Treatment Plant sampling site within the Saint Louis River 
location in fall 2010 and spring 2011.
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Figure D6. 	Map of Saint Louis River sites sampled in spring and fall 2012.
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Figure D7. Map of Fox River sites sampled in fall 2010 and spring 2011.
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Figure D8. 	Map of Fox River sites sampled in spring 2012.
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Figure D9. Map of Waupaca Chain O’Lakes sites sampled in spring 2012.
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Figure 10. 	Map of Milwaukee River sites sampled in spring 2011.
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Figure 11. Map of Detroit River sites sampled in fall 2010 and spring 2011.
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Figure 12. 	Map of Detroit River sites sampled in spring 2012.
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Figure 13. Map of River Raisin sites sampled in spring 2012
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Figure 14. 	Map of Swan Creek sites sampled in fall 2010 and spring 2011.
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Figure 15. Map of Maumee River sites sampled in spring 2011.
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Figure 16. 	Map of Maumee River sites sampled in spring 2012.
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Figure 17. Map of Maumee River sites sampled in fall 2012.
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Figure 18. 	Map of Ashtabula River sites sampled in spring 2011.
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Figure 19. Map of Long Pond sites sampled in spring 2012.
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Figure 20. 	Map of Genesee River sites sampled in fall 2010 and spring 2011.
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Figure 21. Map of Irondequoit Bay sites sampled in spring 2012.
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